Abstract
Introduction

The master clock located in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus regulates circadian rhythms in mammals. A critical feature of circadian timing is the ability of the clockwork to be reset by light with the retinohypothalamic tract being the principal pathway through which entrainment information reaches the SCN [1]. Synchronization among SCN neurons leads to coordinated circadian outputs from the nuclei, ultimately regulating bodily rhythms. Similar clock oscillators are also found in peripheral
tissues, such as the liver, intestine, retina, heart and pancreas [2, 3] Periods (Per1, Per2, Per3) and Cryptochromes (Cry1, Cry2) . PERs and CRYs constitute part of the negative feedback loop, so that once they are translated, they oligomerize and translocate to the nucleus to inhibit CLOCK : BMAL1-mediated transcription [3, 4] . [5] . Interestingly (DD) [6, 7] . It is assumed that RF affects the physiology of the animal not through the SCN but through a food-entrainable oscillator (FEO) whose location has been elusive. Lesions in the dorsomedial hypothalamic nucleus [8] [9] [10] [11] , the brainstem parabrachial nuclei [9, 12] and nucleus accumbens [13, 14] revealed that these brain regions may be involved in the FEO output, but they cannot fully account for the oscillation [15] . CLOCK [16] or BMAL1 [17] and other clock proteins [18] have been shown not to be necessary for food anticipatory activity (FAA) . However, it has recently been demonstrated that mPer2 mutant mice do not exhibit food anticipation [19, 20] .
. The clock mechanism in both SCN neurons and peripheral tissues consists of the transcription factors CLOCK (circadian locomotor output cycles kaput) and BMAL1 (brain and muscle Arnt-like 1) that heterodimerize and bind to E-box sequences to mediate transcription of a large number of genes, including
Feeding regimens, in addition to light, can also provide a time cue for the circadian clock. Restricted feeding (RF) limits the time and duration of food availability with no calorie reduction. Rodents receiving food ad libitum (AL) every day at the same time for about 3-5 hrs adjust to the feeding period within a few days and learn to eat most of their daily food intake during that limited time
RF has been shown to lead to robust circadian rhythms [21] . Higher and robust amplitudes of circadian rhythms have been previously associated with aging retardation and extended life span. For instance, longevity was increased in older hamsters given foetal suprachiasmatic implants that restored higher amplitude rhythms [22, 23] [5, [24] [25] [26] [27] [28] [29] [30] [31] [32] .
. On the other hand, recent data indicate that disruption of circadian rhythms either by exogenous cues, such as shift work and sleep deprivation or by mutations in clock genes can lead to manifestations of the metabolic syndrome, as well as to certain types of cancer, coronary heart diseases, depression and overall reduced life expectancy
Other feeding regimens, such as calorie restriction (CR) , which limits the amount of calories consumed to 60-70% of the daily intake, and intermittent fasting, which allows food to be available AL every other day, extend the life span of mammals and prevent aging-associated diseases [33] [34] [35] [36] . These feeding regimens also alter physiological measures, such as body temperature and oxygen consumption [37, 38] as well as circadian rhythms [5, 39, 40] . Although RF leads to high amplitude circadian rhythms, which are considered beneficial [22, 23] , it is not known whether RF resembles CR or intermittent fasting in its ability to delay the occurrence of age-associated changes, such as cancer and inflammation.
Materials and methods
Animals, treatments and tissues
Nine-week-old male C57BL/6 mice were housed in a temperature-and humidity-controlled facility (23-24ЊC, 60% humidity (Fig. 5, Table S4 ).
Effect of RF on locomotor activity
RF led to a change in mouse locomotor activity (Fig. 1B). Before the time of food availability, mice displayed FAA (Fig. 1B, C). Although activity of AL mice initiated at the beginning of the dark phase and was mainly nocturnal, RF-treated mice were mainly diurnal. FAA was also seen under total darkness (DD), in addition to free-running behaviour with a period of 23.7 hrs under both AL and RF (Fig. 1B, C). Nevertheless, total activity during 24 hrs was not affected by the RF regimen compared with that of AL feeding (data not shown).
Effect of RF on clock genes
Effect of RF on disease markers
We next studied the effect of RF on several disease markers by assessing their phase, amplitude and overall expression levels around the circadian cycle. We measured PAI-1, a possible marker for thrombosis and proneness to heart attacks [50] ; arginase, a possible marker for colorectal cancer and liver metastases [51] [52] [53] [54] [55] ; growth arrest and DNA damage 45␤ (GADD45␤), a possible marker for hepatocellular carcinoma [56] ; ␣ fetoprotein (AFP), a possible marker for hepatocellular carcinoma [57] ; ALT, a possible marker for non-alcoholic fatty liver and obesity [58] and AST, a possible marker for hepatotoxicity [59] 
Effect of RF on inflammation markers
We next studied the capacity of RF to affect the expression of inflammation markers and to possibly serve as an aging retardant mechanism. We assessed several well-established inflammatory markers whose levels increase as the organism ages [60-62]. The markers tested were CRP, a possible marker for inflammation and coronary heart disease [63]; NF-B, an inflammation-mediating transcription factor; the pro-inflammatory cytokines, IL-1␣, IL-1␤, IL-6; TNF-␣ and the anti-inflammatory cytokine IL-10, for their expression amplitude, phase and overall daily levels.
Crp oscillated under AL and RF in the jejunum (P Ͻ 0.001, oneway ANOVA) and WAT (P Ͻ 0.0001, one-way ANOVA) ( Fig. 7 Fig. 8; Table S4 ).
Nfb mRNA showed a bimodal expression pattern in liver under RF and in WAT under both treatments (Fig. 7) (Fig. 7) . Il-10 daily average levels showed a significant increase in the liver and jejunum (1.4- 
Effect of RF on allergy markers
The allergic response oscillates in character and intensity throughout the day and is exacerbated during the night in human beings [64] . Furthermore, steroid-based pharmacological drugs that are used to treat allergy, are also known to affect the molecular mechanism of the circadian clock [64, 65] . Therefore, we tested whether the circadian clock controls key proteins in mast cells, the main effectors of the allergic reaction. We tested mast cell proteins in the jejunum, as this tissue is relatively rich in mast cells [66] . The [6, 7, 21, 48] . The results achieved with liver Ppar␣ mRNA support previous findings in which Ppar␣ mRNA was highly expressed under RF [67] . These high amplitude rhythms could pose a possible stress response to the diurnal feeding [68] . and degradation of Per2 [69] . AMPK also phosphorylates CRY1 leading to its degradation [70] . Degradation of the negative limb of the clockwork leads to a phase advance in the circadian expression pattern. This has also been corroborated in mice fed a high-fat diet, where levels of AMPK were low and led to a phase delay [71] .
We found Sirt1 mRNA but not SIRT1 protein oscillation, as opposed to Asher et al. [72] . The mRNA discrepancy could be explained by different mouse strains used in both studies. The protein discrepancy could be explained by the fact that we used total protein and not nuclear extracts. In the jejunum, we found higher amplitudes in clock gene expression under RF than AL (Fig. 2) . Although high levels of SIRT1 were found to be required for the higher amplitude circadian expression of core clock genes in mouse liver and cultured fibroblasts [72] , we found decreased SIRT1 levels in the jejunum (Figs 3 and 4) [73] or by the SCN and the FEO [21] . Previous works in mice [37] and rats [38] [37, 38] , suggesting common mechanisms. It is noteworthy that the activity pattern under RF (Fig. 1C) correlated closely with that of Per2 (Fig. 2) and (Fig. 9) [74, 75] . This study corroborates recent works, showing that RF entrains inflammatory factors [76] and leads to a robust oscillation of numerous other hepatic genes in clock deficient mice [77] . higher pAMPK/AMPK ratio (Fig. 4) (Fig. 10) , as was reported [78] . Indeed, PGC-1␣ involvement in the switch from glycolysis to gluconeogenesis under fasting conditions in the liver is well documented [79] [80] [81] [85] , leading to age-related diseases, such as cardiovascular disease [86] , diabetes [87] , certain forms of cancer, Parkinson's [88] and Alzheimer's diseases [89] . Because only the active subunit of NF-B exerts its effect by translocating to the nucleus, this result implies a reduced activation of the NF-B inflammatory pathway [85] .
Effect of RF on metabolism
RF led to a decrease in the disease markers Arginase and Afp in the jejunum. This might suggest a partial beneficial outcome of RF to well being. The lack of Gadd45␤ reduction in the liver is beneficial, as reduction is detrimental and may lead to hepatocellular DNA damage [56] . Reduction in Gadd45␤ expression in the jejunum may be linked to the reduction of stress-related immune factors, such as TNF-␣ [90] . In addition, RF reduced the expression of Il1␣ and Il1␤ in the jejunum. This reduction may be linked to the increase in PPAR-␣ levels (Figs 3 and 8 [92] . Although Picard and Guarente [92] [95] , as was found for Ramadan fasting [93] . Although we could not find significant changes in CRP levels, Aksungar and colleagues [96] 
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